Oncolytic viruses (OVs) are highly immunogenic and this limits their use in immune-competent hosts. Although immunosuppression may improve viral oncolysis, this gain is likely achieved at the cost of antitumoral immunity. We have developed a strategy wherein the immune response against the OV leads to enhanced therapeutic outcomes. We demonstrate that immunization with an adenoviral (Ad) vaccine before treatment with an oncolytic vesicular stomatitis virus (VSV) expressing the same tumor antigen (Ag) leads to significantly enhanced antitumoral immunity. Intratumoral replication of VSV was minimally attenuated in Ad-immunized hosts but extending the interval between treatments reduced the attenuating effect and further increased antitumoral immunity. More importantly, our combination approach shifted the immune response from viral Ags to tumor Ags and further reduced OV replication in normal tissues, leading to enhancements in both efficacy and safety. These studies also highlight the benefits of using a replicating, OV to boost a pre-existing antitumoral immune response as this approach generated larger responses versus tumor Ag in tumor-bearing hosts than could be achieved in tumor-free hosts. This strategy should be applicable to other vector combinations, tumor Ags, and tumor targets.
IntroductIon
Oncolytic viruses (OVs) cure cancer in animal models if they infect tumors and replicate extensively to mediate complete destruction. [1] [2] [3] [4] [5] [6] However, broad clinical application requires treating immunocompetent hosts bearing malignancies that may have partially intact antiviral mechanisms. An active host immune response against the virus that rapidly eliminates viral replication, leading to incomplete or transient tumor destruction represents an important barrier to success. 7 It has been shown in naive animals that the development of an acquired immune response usually takes less than a week, leaving a small window of opportunity for oncolytic vectors to function. 8, 9 To maximize viral replication or redeliver the same virus, a variety of approaches have been tested ranging from outright immunosuppression, [10] [11] [12] [13] to the use of carrier cells (so-called "Trojan horses"), [14] [15] [16] [17] or viral cloaking. [18] [19] [20] [21] If, however, we accept that the ensuing immune response dictates that viral oncolysis will inevitably be transient in nature then could we design the anti-OV immune response to be a useful one that enhances the therapeutic impact of the vector? We hypothesize that by designing the OV to express a tumor-associated antigen (Ag) (TAA) and then using this virus in a host that has been previously vaccinated against this same TAA one could achieve this effect. In such a vaccinated host, the boosted secondary response against the tumor-Ag transgene would dominate the primary response against viral Ags leading to a robust antitumoral immune response. If the tumor Ag in the OV is a nonstructural transgene, any antibody response against this Ag induced by preimmunization would not impede viral delivery to tumors in vivo. The T-cell response against this Ag might impair viral replication within the tumor; however, this would only occur when tumorspecific effector T cells (rather than solely viral-specific T cells) are recruited into the tumor resulting in the killing of infected tumor cells. Therefore, we predict that any reduction in viral oncolysis in such a vaccinated host would be more than compensated for by the very response that clears the oncolytic vaccine vector as this would represent a boosted antitumoral response functioning within the tumor to destroy malignant cells. This may allow us to obtain both a transient oncolytic effect and an enhanced antitumoral immune response that is long lasting in nature.
To evaluate our hypothesis, we used a recombinant adenovirus (Ad) as a vaccine vector and a complementary wild-type vesicular stomatitis virus (VSV) as an oncolytic vaccine virus in mice that had established tumors in the brain or lungs. 4, 22 We have previously utilized these vectors as vaccine vectors and demonstrated that they work well together to prime and boost an Ag-specific immune response. 23 , 24 We now demonstrate that sequential treatment of a tumor-bearing host with Ad and oncolytic VSV both expressing a defined TAA induced a massive antitumoral immune response. Importantly, preimmunization with Ad did not prevent acute VSV infection within the tumor allowing significant viral replication. This combined approach 
VsV oncolysis is insufficient to effect cures in B16-F10 model
We adopted an aggressive intracranial (i.c.) B16 melanoma model to rigorously test our therapeutic strategy in an immunocompetent host using melanoma-associated Ags. In this model, C57BL/6 mice were engrafted with B16-F10 cells through i.c. injection and the median survival time following tumor delivery was 15 days. To evaluate the efficacy of VSV treatment, mice carrying 7-day-old B16 tumors were treated with a single intravenous (i.v.) dose of VSV-GFP. Figure 1a shows that the tumor was infected resulting in a clear reduction in tumor volumes as expected. However, this effect was transient and failed to translate into a survival benefit (Figure 1b) . A similar phenomenon has been observed in other therapies where incomplete and partially destroyed tumors often regrow more rapidly than untreated ones due to "Gompertzian" growth kinetics.
25
Ad-hdct vaccination prolonged survival Another approach we explored in the treatment of i.c. B16 melanoma was tumor vaccination. Our recent studies have shown that immunization with a recombinant Ad expressing human dopachrome tautomerase (hDCT) could generate a response against murine DCT. 22, 26, 27 This vaccine vector could provide prophylactic protection against an i.c. challenge with B16 cells in a CD8-dependent manner (B.W. Bridle and Y. Wan, manuscript submitted). To test the therapeutic utility of this vaccine, we engrafted C57BL/6 mice with an i.c. dose of B16 cells and then treated them intramuscularly with Ad-hDCT 7 days postengraftment. CD8 + T-cell responses against an immunodominant epitope DCT [180] [181] [182] [183] [184] [185] [186] [187] [188] (identical between human and mouse) were evident in blood 1-week postvaccination and peaked at day 12-14 (~3.2% of CD8 + T cells, Figure 1c) . 22, 26 In contrast to VSV treatment, Ad-hDCT vaccination significantly extended survival (median survival 29 days; P < 0.0001) (Figure 1d ) but was unable to cure any of the mice.
VsV-hdct treatment failed to prolong survival
Having determined the transient nature of VSV-mediated oncolysis but the potency of antitumor vaccination, we reasoned that engineering VSV to express a TAA might achieve both effects simultaneously. As such, an antitumoral immune response induced by an oncolytic vaccine vector would continue to have an impact on the tumor after the host cleared the virus. To this end, we engineered VSV to express hDCT (VSV-hDCT) and treated mice with i.c. B16-F10 tumors. This vector induced a small anti-DCT CD8 + T-cell response (0.26%, Figure 1e) , which was 12 times smaller than that elicited by Ad-hDCT (3.2%, Figure 1c ). However, a high level of CD8 + T cells against an epitope from the nucleoprotein of VSV was detected following VSV-hDCT treatment (14.0%, Figure 1e ) suggesting that the antiviral response dominated the immunological outcome. Similar to the observation with VSV-GFP (Figure 1b) , treatment with VSV-hDCT did not provide any survival benefit (Figure 1f) . Thus, the potent antiviral immune response elicited by our OV not only causes the oncolytic impact of the vector to be transient, but also dominates attempts to directly induce immune responses against the TAA transgene.
turning the immune response against the oV into a beneficial one Given that our OV is going to be cleared by the immune system, we reasoned that we may be able to tailor this response in our favor. We hypothesized that by priming an immune response against a defined tumor Ag and then treating with an OV expressing that same Ag we would generate an immune response against the tumor Ag that dominated over the response against viral Ags. To test the potential utility of this combined approach, C57BL/6 mice bearing i.c. B16 tumors were treated with either Ad-BHG or Ad-hDCT. After 14 days, mice were given a single i.v. dose of VSV-GFP or VSV-hDCT ( Figure 2a) . As summarized in Figure 2b , Ad-hDCT immunization followed by VSV-hDCT in tumor-bearing mice resulted in 21.7% of blood-derived CD8 + T cells being DCT-specific; sevenfold (compared to Figure 1c ) or 85-fold (compared to Figure 1e ) higher than either vector treatment alone. Furthermore, not only did this combination significantly enhance the immune response to the TAA, it actually reduced the magnitude of the anti-VSV CD8 + T-cell response as compared to that observed following exposure of a naive mouse to this OV (from 14 to 4.7% of blood-derived CD8 + T cells; P < 0.0001; Figure 1e versus Figure 2b ), demonstrating an inversion of the immune response against the oncolytic vaccine virus where the antitumoral response now dominated over antiviral immunity. Most importantly, the combination therapy led to a further extension in median survival (15 days Ad-BHG alone; 30 days Ad-hDCT alone; 54 days combo; P < 0.0001) and 20% of mice treated in this fashion displayed a long-term, durable cure (Figure 2c ). It should be noted that VSV lacking the TAA transgene (VSV-GFP) failed to boost the hDCT response in Ad-hDCTprimed mice (Figure 2b ) and did not extend survival (Figure 2c ) indicating that the OV used must express the same TAA transgene to achieve this effect. As well, treating with the oncolytic vaccine vector VSV-hDCT first failed to slow tumor progression precluding subsequent treatment with the Ad-hDCT vector as a booster (data not shown). Thus, the optimal use of such an oncolytic vaccine vector is in the presence of a pre-existing response versus the tumor-Ag transgene.
Remarkably the magnitude of the anti-DCT T-cell response was greater in tumor-bearing animals than in tumor-free animals demonstrating the advantage of using a replicating OV to deliver the transgene in the presence of a tumor (Figure 3a) . Furthermore, survival was directly correlated with the level of DCT-specific CD8 + T cells (a unit increase in CD8 response resulted in a 29.1% reduction in hazard of death; 95% CI 7.2-29.5%) where the greatest extension to survival was only achieved when the magnitude of this immune response exceeded that seen in tumor-free hosts (Figure 3b) . Thus, maximal therapeutic effect was mediated through replication of the boosting oncolytic vector within the tumor. As well, the frequency of CD8 + TILs specific for DCT was 100-fold higher in VSV-hDCT-treated animals as compared to those treated with the VSV-MT control virus, indicating that treatment with VSV-hDCT not only resulted in an increase in Ag-specific CD8 + T cells in the periphery but also enhanced their recruitment into the tumor (Figure 3c) . Interestingly, we also detected a CD8 + T-cell response against GP100 (ref. 28) , another TAA for which we did not vaccinate the mice, providing evidence of epitope spreading likely resulting from enhanced tumor destruction by both anti-DCT CTL and viral oncolysis because an anti-GP100 response was not measured with either treatment alone or in mice treated with Ad-hDCT+control VSV (Figure 3d ).
Vaccination against oV transgene did not prevent oncolysis Although the observations described above suggest that VSV-hDCT remains oncolytic in the presence of an immune response against the vector transgene, the impact of such pre-existing immunity on VSV replication needed to be evaluated. To first examine this, we treated tumor-free mice and mice bearing i.c. B16-F10 tumors with Ad-hDCT or Ad-BHG. After 14 days, mice were treated with VSVhDCT. Brains were harvested and viral titres were determined. In mock-vaccinated mice both tumor-free and tumor-bearing brains displayed abundant VSV-hDCT replication (Figure 4a) demonstrating the neurovirulence of the wild-type VSV used in these studies. As mock vaccination did not impede tumor growth, these mice had a large tumor burden (Figure 4b ) and were very near end point at the time of killing. In the Ad-hDCT vaccinated mice, the VSV titres were much lower; however, the tumor-bearing brains still exhibited a higher VSV-hDCT titer (Figure 4a ) even though these brains had minimal tumor burden at this time point (Figure 4b) . Thus, VSV was still able to infect and replicate in this residual tumor despite pre-existing immunity to the vector transgene. As well, BrdUlabeling experiments demonstrated that there was a 3-to 4-day lag before T-cell expansion in response to VSV-hDCT (Supplementary Figure S1 ) providing a window of opportunity for viral oncolysis.
Vaccination against a virally encoded tAA modulates oV activity As Ad-hDCT treated tumors were smaller, it was difficult to quantitatively analyze the impact of a pre-existing immune response against a transgene on viral replication in the B16 model. Therefore, we decided to measure this effect in a different tumor model where DCT was not a tumor Ag. This allowed a comparison where mice had similar tumor burdens regardless of vaccination and also allowed for flexibility with regards to the interval between vaccination and viral oncolysis. To this end, we selected a CT26 colon carcinoma model where DCT was irrelevant. Mice were inoculated i.v. with CT26 cells and vaccinated with Ad-hDCT. After 14 days, mice received either VSV-hDCT or VSV-GFP. To measure viral replication, lungs and brains were collected for determination of VSV titers (Figure 5a ). An ~1.5 log reduction of viral titers was observed in both the lungs and brains of VSV-hDCT-treated animals, as compared to VSV-GFP controls (Figure 5b) . Interestingly, however, there was a smaller reduction in VSV-hDCT lung titers if mice were immunized 14 days before CT26 engraftment (28 days before VSV-hDCT treatment) ( Figure 5c ), suggesting an increased interval between these two treatments can increase oncolysis. Note that there was no detectable VSV titer in tumor-free lungs at this time point following identical infections. 29 We also observed a large reduction in VSV-DCT brain titers (Figure 5c ), demonstrating that prior vaccination against a nonstructural transgene encoded by an OV could enhance the safety profile of that virus.
Increasing the interval between prime and boost enhances responses
To further determine whether extending the interval between vaccination and viral oncolysis can enhance Ag-specific CD8 + T-cell response, we carried out an experiment in tumor-free animals. C57BL/6 mice were boosted with VSV-hDCT 14 or 100 days after Ad-hDCT immunization. The mean frequency of CD8 + T cells specific for the immunodominant epitope of DCT reached 37% if VSV-hDCT was administered 100 days after Ad-hDCT, a level significantly higher than that achieved when boosting 14 days postprime (16.3%, P < 0.0001; Supplementary  Figure S2 ). Although extending this interval could not be tested in tumor-bearing mice due to rapid tumor progression even in Ad-vaccinated hosts, such an increased interval may be available in the clinic.
dIscussIon
Strategies to escape or suppress immune responses have been proposed to prolong the duration of viral replication for oncolytic therapy. [11] [12] [13] [14] [15] [16] [17] 19, 21 However, there is good evidence that oncolytic viral therapy can indirectly induce antitumoral immunity in some cases, which aids therapy. 3, [30] [31] [32] Thus, alternative approaches have also been investigated where OVs are engineered to express immunostimulatory transgenes aimed at increasing the antitumoral immune response. [33] [34] [35] [36] [37] [38] [39] [40] In this study, we propose a treatment strategy that benefits from the immune response against the OV leading to an enhanced therapeutic outcome. We demonstrate that preimmunization with a genetic vaccine against a tumor Ag allows a rapid and potent boost of the CTL response by an oncolytic VSV expressing the same Ag. Although some attenuation of intratumoral viral replication was observed in preimmunized hosts, extending the interval between the two treatments reduced the attenuating effect and further increased antitumoral immunity. This reduction of viral replication is likely due to killing of infected tumor cells by DCT-specific T cells, indicative of intratumoral recruitment of effector T cells as a beneficial trade-off. More importantly, this combination approach shifted the immune response from viral Ag to tumor Ags and reduced viral replication outside the tumor, enhancing both efficacy and safety. Overall, this work demonstrates the several notable advantages of boosting a tumor vaccine with a replicating oncolytic vaccine vector. These advantages include tumor debulking and a massive increase in tumor-specific T cells, particularly in tumor-bearing hosts, accompanied by significantly greater numbers of Ag-specific TILs.
Although others have reported the use of OVs expressing model (foreign) tumor Ags, [41] [42] [43] which were either not expressed by the tumor cells at all 41 or were artificially expressed through stable transfection before engraftment, 42, 43 our data suggest that engineering OVs to express natural tumor Ags may induce a weak T-cell response that is largely overshadowed by the immune response against viral Ags. This is not surprising as these viral Ags are entirely foreign and highly immunogenic. 7, 44 These observations suggest that immunosuppressive or tolerogenic mechanisms associated with an established tumor must be overcome and immune responses must be redirected toward the tumor in order for oncolytic vaccines to be effective. 45 Our data indicate that this can be well achieved by preimmunization with a genetic vaccine against a tumor that is also expressed by an OV. Although prior immunization against an oncolytic vector transgene is counterintuitive as it may impair viral delivery or replication, our results demonstrated that our oncolytic vaccine became more potent under these circumstances as it dramatically amplified the preexisting antitumoral immunity while retaining oncolytic activity, leading to significantly improved clinical outcomes.
Although intratumoral replication of the OV was reduced in preimmunized mice the vastly improved efficacy indicates that this is a reasonable trade-off. Moreover, this reduction in oncolysis could be further minimized by increasing the interval between vaccination and OV administration, as the frequency of Ag-specific effectors subsides over time. 46 In fact, in addition to the reduction of the initial impact of prior vaccination on viral oncolysis, increasing this interval leads to a further enhanced boosting effect as we have seen in aged tumor-free mice. Although the Ag-specific response boosted by an oncolytic vaccine may further reduce replication of the OV, our data from BrdU-labeled mice indicated there is at least a 3-day window of opportunity for viral oncolysis. In fact, recruitment of CTL into the tumor at that point is desirable and should enhance clearance of both the virus and the tumor.
An additional benefit of this approach is the enhanced safety profile exhibited by the oncolytic vaccine vector. Previous studies have shown that innate immunity can limit VSV replication in peripheral tissues but the murine brain is highly permissive for wild-type VSV infection. 5 Our data indeed demonstrate i.c. infection by VSV following i.v. delivery; however, viral titers were lower in the brains of immunized animals and most strikingly, there was no hindlimb paralysis in any of the mice that have been vaccinated against the viral transgene even though wild-type VSV was used (data not shown). We have also tested this combination therapy with an interferon-inducing mutant of VSV 5 expressing hDCT and have seen comparable survival in the i.c. B16 model (not shown) indicating that this approach can be successfully combined with other means of viral targeting and attenuation.
We and others have previously shown that VSV can be an effective priming or boosting vaccine vector in the prophylactic setting to elicit Ag-specific immunity against pathogen or tumor challenge. 23, 24, 47 However, this study demonstrates that oncolytic VSV should be better used as a boosting vector in tumor-bearing hosts as a larger boosted response was seen in tumor-bearing than tumor-free animals. This surprising effect is likely the result of VSV replication within the tumor that increases and prolongs Ag presentation. Furthermore, virus-mediated oncolysis recruits more tumor-specific effector T cells into the tumor resulting in further killing of tumor cells. A CD8 + T-cell response against GP100, an indication of epitope spreading, confirms enhanced tumor destruction by both anti-DCT CTL and viral oncolysis because an anti-GP100 response was not measured with either treatment alone or in mice treated with Ad-hDCT+control VSV. Thus, some reduction in oncolysis resulting from our sequential treatment strategy is well compensated for by enhanced antitumoral immunity and local immunomodulatory effects within the tumor.
Although our studies were restricted to one vaccine platform and one OV, we believe this work provides proof-of-concept and that the strategy could be applied to other tumor vaccine platforms using various tumor Ags, in combination with other OVs to which the recipient is naive. In theory, any pre-existing anti-TAA response could be used to enhance oncolytic viral therapy in this manner potentially including instances where patients have an identified pre-existing immune response thereby precluding the necessity of administering a priming vaccine. As long as the tumor Ag itself is not incorporated into the viral particle, the pre-existing antibodies will not prevent delivery of the oncolytic vaccine vector to the tumor. The virus will replicate inside the tumor until the antitumoral immune response is boosted and a new wave of TAA-specific effector T cells traffic into the tumor. Notably, this strategy simultaneously improves the safety profile of oncolytic virotherapy while enhancing its therapeutic potency.
MAterIAls And Methods
Mice. Age-matched (8-10 weeks old at study initiation) female C57BL/6 (H-2 b ) and BALB/c (H-2 d ) mice (Charles River Laboratories, Wilmington, MA) were housed in a specific pathogen-free facility. Animal studies complied with Canadian Council on Animal Care guidelines and were approved by McMaster University's Animal Research Ethics Board.
Viruses. Ad-hDCT is an E1/E3-deleted human type 5 Ad that expresses the full-length hDCT gene and Ad-BHG is an E1/E3-deleted virus that contains no transgene. 22, 48 Recombinant VSV of the Indiana serotype was engineered to express the hDCT by subcloning the transgene into both wild-type and ΔM51 mutant genome plasmids as described previously. 5 Recombinant genomes were rescued using standard techniques 49 to generate replication-competent VSV-hDCT. VSV-MT is a recombinant virus lacking a transgene; VSV-GFP has been described elsewhere. 5 Viral titer was determined by plaque assay on Vero cells. We have previously determined these doses to be optimal for vaccination and/or viral oncolysis (data not shown).
Viral titering in tissue homogenates.
To measure intratumoral virus replication, brains or lungs were collected 3 days after i.v. inoculation of VSV vectors, weighed, and homogenized before titering. Viral titers were quantified by plaque assay on Vero monolayers and are expressed as pfu/g of tissue.
Antibodies. The following monoclonal Abs were used in flow cytometry assays: anti-CD16/CD32 (clone 2.4G2) to block Fc receptors, anti-CD3 (clone 145-2C11), anti-CD8 (clone 53-6.7) for detecting cell surface markers and anti-IFN-γ (clone XMG1.2) for intracellular staining (all reagents from BD Pharmingen).
T-cell preparation and intracellular staining. For peripheral blood mononuclear cell collection, blood was collected from the periorbital sinus and red blood cells lysed. For TIL isolation, central nervous system tumors were perfused with PBS, dissected from the brains, weighed, minced, and subsequently incubated at 37 °C for 45 minutes in Hank's buffered saline containing 0.1% collagenase type I (Invitrogen Life Technologies, Carlsbad, CA) and DNase (0.1 mg/ml; Sigma-Aldrich, St Louis, MO). Following the digestion, released cells were filtered through a 70-µmol/l strainer and TILs were purified using EasySep CD90.2-PE system (Stemcell Technologies, Vancouver, British Columbia, Canada). Mononuclear cells from blood and TILs from the brain tumors were stimulated with peptides (1 μg/ml) in the presence of brefeldin A (GolgiPlug; BD Pharmingen, 1 μg/ml added after 1 hour of incubation). After 5 hours of total incubation time, cells were treated with anti-CD16/CD32 and surface markers fluorescently labeled by addition of Abs. Cells were then permeabilized and fixed with Cytofix/ Cytoperm (BD Pharmingen) and stained for intracellular cytokines. Data were acquired using a FACSCanto flow cytometer with FACSDiva 5.0.2 software (BD Pharmingen) and analyzed with FlowJo Mac, version 6.3.4 software (Treestar, Ashland, OR).
Tetramer staining and BrdU incorporation assay. Immunized mice received i.p. injections of 1 mg BrdU 24 hours before harvest and given BrdU in drinking water (0.8 mg/ml) thereafter. Lymphocytes from different organs were first stained with allophycocyanin-conjugated tetramer
